We aimed at providing the first in vitro and in vivo proof-of-concept for a novel tracheal tissue engineering technology. We hypothesized that bioartificial trachea (BT) could be generated from fibroblast and collagen hydrogels, mechanically supported by osteogenically-induced mesenchymal stem cells (MSC) in ring-shaped 3D-hydrogel cultures, and applied in an experimental model of rat trachea injury. Tubeshaped tissue was constructed from mixtures of rat fibroblasts and collagen in custom-made casting molds. The tissue was characterized histologically and mechanically. Ring-shaped tissue was constructed from mixtures of rat MSCs and collagen and fused to the tissueengineered tubes to function as reinforcement. Stiffness of the biological reinforcement was enhanced by induction of osteogeneic differentiation in MSCs. Osteogenic differentiation was evaluated by assessment of osteocalcin (OC) secretion, quantification of calcium (Ca) deposit, and mechanical testing. Finally, BT was implanted to bridge a surgically-induced tracheal defect. A three-layer tubular tissue structure composed of an interconnected network of fibroblasts was constructed. Tissue collapse was prevented by the placement of MSCcontaining ring-shaped tissue reinforcement around the tubular constructs. Osteogenic induction resulted in high OC secretion, high Ca deposit, and enhanced construct stiffness. Ultimately, when BT was implanted, recipient rats were able to breathe spontaneously.
Introduction
Reconstructing tissue defects after extensive tracheal resection imposes a serious problem on thoracic surgeons. Many researchers have been studying cryopreserved tracheal allografts w1, 2x. Several approaches including seeding cells on preformed polymeric scaffolds, tube-shaped porous titanium, or transplanting epithelial cell sheet onto vascular prosthesis, have been used to construct artificial tracheas w3-6x. However, a completely satisfactory approach has not been achieved.
Over the last decade several tissue engineering techniques have been developed and tested in organ repair applications w7x. We have focused on cardiac tissue engineering using a spontaneous cell aggregation technique in collagen hydrogels w8, 9x. This method enabled us to generate tissues of variable geometries and sizes.
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produce tube-shaped engineered tracheal tissue. Artificial tracheas should have sufficient mechanical strength to resist negative and positive pressure during inspiration and expiration, respectively w10x. Accordingly, we initially developed a multi-layered fibroblastyhydrogel culture system and supported it with bone-like ring-shaped biological reinforcement containing mesenchymal stem cell (MSC)-derived osteoblasts.
Materials and methods
Experiments were performed in accordance to the guidelines on animal experimentation by the Nara Medical University School of Medicine.
Mold construction
We placed seven Teflon cylinders into a glass culture dish and filled it with silicone. We removed the Teflon cylinders after the silicone hardened to create a cylinder-shaped recess. A polypropylene mandrel was placed into the recess to construct a tube-shaped casting mold with an outer diameter of 12 mm, an inner diameter of 3 mm, and a height of 25 mm (Fig. 1a) . 
Cell isolation
Fibroblasts were isolated from Wister rat lungs and cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 Uyml penicillin, and 100 mgyml streptomycin (fibroblast culture medium).
MSCs were prepared according to the method reported earlier w11x. Briefly, bone marrow cell plugs were obtained from the femora of seven-week-old Wister rats. Cells were maintained in Eagle's Minimal Essential Medium (EMEM) containing 15% FBS and antibiotics (100 Uyml penicillin, 100 mgyml streptomycin, and 0.25 mgyml amphotericin B), defined as MSC-medium. Primary MSCs were not passaged before use.
Osteoblast induction of MSCs
MSC-medium was supplemented with 10 mM b-glycerophosphate (b-GP), 82 mgyml ascorbic acid phosphate (vitamin C), and 10 nM dexamethasone (Dex) as osteoinductive medium as reported recently w12x.
Generation of tube-shaped tissue
It initially requires casting of a reconstitution mixture (2.5 ml) containing 1.25=10 isolated fibroblasts and 2 mg 6 of solubilized collagen into tube-shaped molds (Fig. 1b) . The reconstitution mixture was incubated to facilitate hardening. Subsequently, fibroblast culture medium was added slowly, taking care not to disturb the reconstitution mixture. After two days, the reconstitution mixture condensed around the mandrel (Fig. 1c) . To construct the second layer of tissue, the culture medium around the first layer was aspirated and replaced by a new layer of reconstitution mixture (Fig. 1c, d ). Cells within the second layer were labelled with PKH26 (Zynaxis, Malvern, PA, USA). After condensation of the second layer (Fig. 1e) , the third layer was added. When removed from the mandrel, oneand two-layer tube-shaped tissues collapsed, in contrast, three-layer tube-shaped tissues maintained their tubular structure ( Fig. 2a, right) . Therefore, we used this threelayer tube-shaped tissue for subsequent experiment.
Generation of ring-shaped tissue
To construct ring-shaped tissue, we used the same outer mold of tube-shaped tissue construction. Each step was the same, but with different size of mandrels (diameter: 5 mm, height 3 mm) and less reconstitution mixture volume (750 ml) was used.
Morphological evaluation
The samples were stained with hematoxylin and eosin (H&E). To visualize the PKH26-labeled tissue layers, samples were embedded in 5% agarose and transversely sliced (100 mm sections) using a vibratome. PKH26 signals were observed using an epifluorescent microscope. To confirm the osteoblast differentiation, samples were stained with Alcian blue to identify pericellular proteoglycan, and with von Kossa to assess mineralization of the extracellular matrix.
Biochemical analyses of osteoblast differentiation
For monitoring the secretory osteocalcin (OC) levels, a specific marker of osteoblastic differentiation w12x, in the cultured medium, conditioning medium was analyzed using the rat OC ELISA system (DS Pharm Biomedicals, Osaka, Japan).
Calcium (Ca) deposits in the mineralized matrix were measured using the methylenol blue method (calcium Etest Wako kit; Wako Pure Chemicals, Osaka, Japan).
Construction of bioartificial trachea (BT)
Ring-shaped tissue constructs (Fig. 2a, left) were slipped over the tube-shaped tissue construct (Fig. 2a, right) and allowed to fuse. To further reinforce the tissue structure, fused tissue of tube-and ring-shaped tissue (Fig. 2b, right) were returned to the different size of outer molds (diameter: 16 mm, height 25 mm) and complemented with an additional three-layer fibroblast-collagen construct (Fig.  2b, left) .
Biomechanical testing
One-, two-, and three-layer tube-shaped tissues and BTs (ns3 or 5) were removed from the casting molds, mounted on one side on a static holder and on the other side on an isometric force transducer in organ baths (Unique Medical, Japan). Tissue constructs were pulled at a defined speed of 0.5 mmys until tissue strength could no longer be assessed. The maximum value was limited to 50 g by the performance of the measurement system. Native tracheas from adult rats (ns3) were analyzed as controls. Tissue strength (g) at defined steps of strain (0.5 mm) was plotted to generate stress-strain curves. We expressed tissue stiffness by modulus of stressystrain (gymm), which was calculated from each approximation straight line of the middle part of these plots.
Implantation
Eleven Wistar rats (Kiwa experimental animal, Japan) served as recipients. A 5-mm long tracheal segment beneath the larynx was resected, and the defect was immediately bridged with a three-layer tube-shaped tissue or a BT, the two ends of which were sewn to the host trachea, using a running 7-0 polypropylene suture.
Statistical analysis
Data were presented as mean"standard deviation (S.D.), and analyzed using unpaired t-tests. An a-level of 0.05 was defined as significant.
Results

Morphological evaluation of tube-shaped tissue
Tube-shaped tissues condensed around the mandrels and resulted in a three-layer tube-shaped tissue construct (Fig. 2a, right) . Light-and fluorescent-microscopic findings revealed the maintenance of a layered structure. Only the cells in the second layer were positive for PKH26 while no fluorescent signal could be detected in either the first or third layer (Fig. 3a, b) , which may have the possibility to construct more complex organs by layers from different types of cells. Each layer's thickness was not always uniform, but varied between 150 mm and 250 mm. H&E staining demonstrated sparsely but homogeneously populated layers and necrotic areas were not observed (Fig. 3c) . Fig. 5 . Biomechanical testing. Mechanical properties of one-, two-, and three-layer tube-shaped tissues, and BTs were compared to that of native rat tracheas. Stress at defined steps of strain (0.5 mm) was plotted to generate stress-strain curves (a). Tissue stiffness (modulus of stressystrain) was calculated from an approximation of straight line of stress-strain curve (b). Values are shown as means"S.D. (ns3-5). Tissue stiffness of BT was significantly higher than that of one-and two-layer tissues. P-0.05 vs. one-and ૺ two-layer tissue (unpaired t-test, vs. one-layer, Ps0.0044, vs. two-layer, Ps0.015). Tissue stiffness of native trachea was significantly higher than that of one-, two-, and three-layer tissues. P-0.01, one-, two-, and three-ૺૺ layer tissue (unpaired t-test, vs. one-layer, Ps0.0000070, vs. two-layer, Ps0.00021, vs. three-layer, Ps0.0029). There was no difference in the stiffness between BT and native trachea. BT, bioartificial trachea. 
Implantation of tube-shaped tissue
Three-layer tube-shaped tissue was implanted to two rats. This experiment demonstrated the feasibility of anastomosing the tube-shaped tissue to rat trachea. However, when spontaneous respiration was restarted, the tubeshaped tissue was collapsed by negative pressure during inspiration. This was why we opted to exploit MSCs in the subsequent experiments to generate bone-like tissue reinforcement.
Generation and osteoblast differentiation of ring-shaped tissue from MSCs
Ring-shaped tissues condensed around the mandrels and resulted in a three-layer ring-shaped tissue construct (Fig.  2a, left) . To first validate osteogenic differentiation of MSCs, OC secretions and Ca deposits were measured at four weeks of culture with or without osteoinductive supplements winduction (q)y(-)x. Secretory OC and Ca deposition were significantly higher under the osteoinductive conditions compared with non-osteoinduction (Fig. 4) .
Construction of bioartificial trachea
Three-layer tube-shaped tissue was reinforced by slipping three-layer osteogenic ring-shaped tissues over the tubes (Fig. 2b, right) . Finally, an additional three layers of fibroblastycollagen tissue were added to generate a complex hybrid tissue construct (Fig. 2b, left) , which we termed BT.
Biomechanical testing
We measured biomechanical properties of one-, two-, and three-layer tube-shaped tissues, and BTs in comparison to native rat tracheas (Fig. 5a) . Burst strength was increased according to the increase in the tissue layer, however, neither BTs nor native tracheas were torn even at maximum stress (50 g) of the measurement system. Stiffness (modulus of stressystrain) was enhanced in multi-layer constructs. The stiffness of BT was significantly higher than that of one-and two-layer tube-shaped tissues, and that of native rat trachea was significantly higher than that of one-, two-, and three-layer tube-shaped tissues. There was no difference in the stiffness between BT and native trachea (Fig. 5b) .
Morphological evaluation of BT
Only the ring-shaped tissue area was macro-and microscopically positive for both von Kossa (Fig. 6a, b) and Alucian blue stains (Fig. 6c) .
Implantation of BT
BTs were able to be surgically anastomosed to nine experimental rats (Fig. 7) . Three rats were weaned from anesthesia and started to breathe spontaneously without apparent airway obstruction. They were extubated and survived until the next day, however, they died on the second day after the operation. Longitudinal section of BT showed that the lumen of BT was not impaired and kept their shape (Fig. 8a) . However, some strictures were identified in the anastomotic regions (Fig. 8b) . However, six rats could not be weaned from the respirator because of the impaired BTs. . Implantation of BT into rat trachea. Eleven Wistar rats served as recipients. Three-layer tube-shaped tissues and BTs were able to be surgically anastomosed to bridge a surgical tracheal defect. Two rats died during operation after three-layer tube-shaped tissue implantation, in contrast, three rats survived overnight after BT implantation. BT, bioartificial trachea. 
Discussion
The present study describes a novel method to construct tube-shaped and layered tissue constructs that may be used as BT to repair tracheal tissue defects in vivo. To date, other groups have employed alternative technologies to generate artificial tracheas w3-6x. Preformed matrixes have been used as scaffolds in the most of these reports. Here, we utilized an alternative approach, namely a cell aggregation technology that we had previously developed to generate engineered heart muscle w8, 9x. This method uses collagen hydrogels to trap cells at high density and thereby facilitate cell aggregation into tissues. Some other groups have described a similar technology to trap various cell types including fibroblasts, epithelial cells, and cardiomyocytes w13-15x. This method has the advantage that various tissue geometries and sizes can be generated depending on the shape of the casting mold employed. In this study we used fibroblasts to generate multi-layered tube-shaped tissue that may be used to repair tracheal tissue defects. Mechanical testing revealed that tissue stiffness could be enhanced by assembling multiple tissue layers. However, mechanical strength was clearly weak compared with native trachea. Implantation experiments further demonstrated that tissue collapse was a clear limitation of the fibroblastyhydrogel structures.
To address this limitation we constructed ring-shape hard tissue made from osteogenically-induced MSCs and added these rings as reinforcement around the fibroblastyhydrogel tube. The ring-shaped reinforcement was created to mimic the anatomy of the naturally occurring cartilage rings of the trachea. By this reinforcement tissue stiffness of BT was clearly increased, and it tolerated negative pressure in the inspiration phase of rats' respiration of the implantation experiment. It is preferable to reinforce BT by ringshaped cartilage. We chose an osteogenic over a cartilage differentiation protocol because it was a better marker for the differentiation into the osteoblast w12x. Future efforts will aim at using chondrocytes either from patients or from MSCs.
Three experimental animals were able to be weaned from respirator and breathe spontaneously without apparent airway obstruction. They survived for 24 hours with the surrogate trachea, however, they did not survive to 48 hours. When BT was excised and evaluated macroscopically, strictures were sometimes identified mainly in the anastomotic regions. Although we could not clarify the cause of death, we think that the rats died because the secretion was caught on the anastomotic site.
A main limitation of our study may be the lack of epithelial lining on the lumen of the BT. It is said that one of the requirements of tracheal replacement is luminal surface lined by ciliated respiratory epithelia w3x. Epithelial and other specialized cells are necessary to transport foreign bodies and mucous out of the lung and may be an important component of functional BT w6x. In the future, BT is scheduled to be constructed by using epithelial cells and smooth muscle cells, etc. based on native tracheas. An experimental study that uses extraction of collagen from a recipient in a large animal model is essential for the clinical application of BT in the future.
